Adding energy to a system through transient stirring usually leads to more disorder. In contrast, point-like vortices in a bounded two-dimensional fluid are predicted to reorder above a certain energy, forming persistent vortex clusters. In this study, we experimentally realize these vortex clusters in a planar superfluid: a 87 Rb Bose-Einstein condensate confined to an elliptical geometry. We demonstrate that the clusters persist for long time periods, maintaining the superfluid system in a high-energy state far from global equilibrium. Our experiments explore a regime of vortex matter at negative absolute temperatures and have relevance for the dynamics of topological defects, two-dimensional turbulence, and systems such as helium films, nonlinear optical materials, fermion superfluids, and quark-gluon plasmas. A n isolated system that is initially stirred will in most cases eventually achieve quiescent thermodynamic equilibrium. However, in some systems, the near decoupling of particular degrees of freedom can result in an isolated subsystem with a different time scale for equilibration (1). The subsystem can exhibit highly correlated and nonuniform thermal equilibria (2-4). As recognized by Lars Onsager (4), a prototypical example is a system of N point vortices (5) contained within a bounded twodimensional (2D) fluid. This model predicts that, given sufficient decoupling between 2D and 3D flow and negligible viscous dissipation, highenergy fluid flow yields low-entropy equilibria that exhibit large-scale aggregations of likecirculation vortices (4). This is markedly different than the behavior of vortices in 3D fluids (6, 7). Onsager's theory has provided some understanding of diverse classical quasi-2D systems such as turbulent soap films (8), guiding-center plasmas (9), self-gravitating systems (10), and Jupiter's Great Red Spot (11). However, quantitative demonstration of point-vortex statistical mechanics is challenging; although the dynamics in 2D classical fluids can lead to vortex cluster growth, these vortices are continuous and cannot be realistically modeled by discrete points (12, 13) . Onsager was aware of this limitation and noted the model would be more realistic for 2D superfluids, where vortices are discrete, with circula-tions constrained to G = ±h/m, where h is Planck's constant and m is the mass of a superfluid particle. The physical realization of high-energy point-vortex clusters in any fluid system has, however, remained elusive.
Adding energy to a system through transient stirring usually leads to more disorder. In contrast, point-like vortices in a bounded two-dimensional fluid are predicted to reorder above a certain energy, forming persistent vortex clusters. In this study, we experimentally realize these vortex clusters in a planar superfluid: a 87 Rb Bose-Einstein condensate confined to an elliptical geometry. We demonstrate that the clusters persist for long time periods, maintaining the superfluid system in a high-energy state far from global equilibrium. Our experiments explore a regime of vortex matter at negative absolute temperatures and have relevance for the dynamics of topological defects, two-dimensional turbulence, and systems such as helium films, nonlinear optical materials, fermion superfluids, and quark-gluon plasmas. A n isolated system that is initially stirred will in most cases eventually achieve quiescent thermodynamic equilibrium. However, in some systems, the near decoupling of particular degrees of freedom can result in an isolated subsystem with a different time scale for equilibration (1) . The subsystem can exhibit highly correlated and nonuniform thermal equilibria (2) (3) (4) . As recognized by Lars Onsager (4), a prototypical example is a system of N point vortices (5) contained within a bounded twodimensional (2D) fluid. This model predicts that, given sufficient decoupling between 2D and 3D flow and negligible viscous dissipation, highenergy fluid flow yields low-entropy equilibria that exhibit large-scale aggregations of likecirculation vortices (4). This is markedly different than the behavior of vortices in 3D fluids (6, 7) . Onsager's theory has provided some understanding of diverse classical quasi-2D systems such as turbulent soap films (8), guiding-center plasmas (9), self-gravitating systems (10) , and Jupiter's Great Red Spot (11) . However, quantitative demonstration of point-vortex statistical mechanics is challenging; although the dynamics in 2D classical fluids can lead to vortex cluster growth, these vortices are continuous and cannot be realistically modeled by discrete points (12, 13) . Onsager was aware of this limitation and noted the model would be more realistic for 2D superfluids, where vortices are discrete, with circula-tions constrained to G = ±h/m, where h is Planck's constant and m is the mass of a superfluid particle. The physical realization of high-energy point-vortex clusters in any fluid system has, however, remained elusive.
The incompressible kinetic energy of an isolated 2D fluid containing N point vortices can be expressed in terms of the relative vortex positions (5) . In an unbounded uniform fluid, it has the form
where r 0 is the 2D fluid density, x is a shortrange cutoff scale, and G i is the circulation of a vortex at position r i ; the sign of G i indicates the direction of rotation. Onsager's key insight was that, because Eq. 1 is determined by the positions r i , the available phase space for a confined fluid becomes bounded by the area of the container (4). This property dramatically alters the system's thermodynamic behavior.
The equilibrium phases of a neutral N-vortex system in a bounded elliptical region are shown schematically in Fig. 1 , A to D. Thermodynamic equilibria maximize the entropy ( (Fig. 1A ). As the energy increases, these pairs unbind (15) , increasing the average nearest-neighbor distance ' (Fig. 1E ), until the vortex distribution becomes completely disordered ( Fig. 1B) , marking the point of maximum entropy (T = ∞). However, owing to the bounded phase space, this point occurs at finite energy E m ; at still higher energies, vortices reorder into same-sign clusters (2, 4) , thus decreasing the entropy and yielding negative absolute temperatures (T < 0). At a sufficiently high energy, the system undergoes a clustering transition (T = T c ) (16); here, the vortices begin to polarize into two giant clusters of same-circulation vortices (Fig. 1C ), whose structures are determined by the shape of the container. The major-axis projection of the dipole moment, D ¼ N À1 j P j sgnðG j Þx j j, serves as an order parameter for the clustering transition (14) ; below the transition D = 0, whereas above the transition it begins to grow as Dº (E -E c ) 1/2 ( Fig. 1F ) (16) . Finally, in the socalled supercondensation limit x → 0, E → ∞, the clusters shrink to two separated points ( Fig.  1D ). Here, the temperature approaches the limiting supercondensate temperature T s , which is independent of geometry (17) , and the dipole moment approaches a maximum D s , determined by the geometry. In a superfluid, the cutoff scale x is provided by the superfluid healing length; vortex-core repulsion at lengths~x prevents the eventual point collapse at infinite energy by enforcing an upper energy limit with a minimum entropy (14) .
To physically realize this idealized model, the vortices must form a well-isolated subsystem and effectively decouple from the other fluid degrees of freedom. A large and uniform 2D Bose-Einstein condensate (BEC), near zero temperature with weak vortex-sound coupling, has been proposed as a suitable candidate system (18) (19) (20) (21) . Furthermore, superfluids allow for vortex-antivortex annihilation, which favors the formation of Onsager vortices through evaporative heating (20, 22) , whereby annihilations remove lowenergy dipoles, thus increasing the remaining energy per vortex. However, although small transient clusters have been observed in BEC (23-25), attempts to create Onsager's vortex clusters have thus far been hindered by thermal dissipation and vortex losses at boundaries (26) , which are enhanced by fluid inhomogeneities (27) . This has prevented the experimental study of the full phase diagram of 2D vortex matter shown in Fig. 1 .
We overcome these issues by working with a uniform planar 87 Rb BEC confined to an elliptical geometry (14) . Although the BEC itself is three-dimensional, the vortex dynamics are two-dimensional owing to the large energy cost of vortex bending (14, 28) . By engineering different stirring potentials, we can efficiently inject vortex configurations with minimal sound excitation (14) . A high-energy vortex configuration can be injected using a double-paddle stir, whereby two narrow potential barriers (29, 30) are swept along the edges of the trap ( Fig. 2A ). Because of the broken symmetry of the ellipse, the maximum entropy state is a vortex dipole separated along the major axis (31) . The stirring protocol is well mode-matched to this vorticity distribution, and we find that the vortices rapidly organize into two Onsager vortex clusters (Fig. 2B ).
We contrast these results with the injection of a low-energy configuration from sweeping a grid of smaller circular barriers through the BEC. Experimentally, we find that this results in a similar number of vortices (Fig. 2 , D and E), but in a disordered distribution that can undergo evaporative heating (20, 27, 32) (Fig. 1B) . Gross-Pitaevskii equation (GPE) simulations quantitatively model both stirring methods and are compared in Fig. 2 , C and F, and movies S1 and S2.
Although the detection of the vortex sign (26, 32) is possible (14) , the clustered states are nonuniform equilibria, and their presence can also be confirmed from the (unsigned) vortex density r = s + + s − , where s + (s − ) denotes the distribution of positive (negative) vortices (14) . Figure 3A displays a time-averaged position histogram, generated by measuring the experimental vortex positions at 1-s intervals over 10 s of hold time after injection. As expected for our elliptical geometry (14) , the density shows two distinct persistent clusters separated along the major axis. The clusters remain distinguishable up to 9 s of hold time in individual frames (see movie S3). By contrast, the grid stir in Fig. 3B shows a near-uniform distribution of vortices consistent with an unclustered phase (Fig. 1, A  and B ). Figure 3 , C and D, shows the corresponding (signed) density w = s + − s − from GPE simulations, showing polarized clusters for the paddle stir, contrasted with w ≈ 0 for the grid stir. Figure  3E shows the total vortex number as a function of time for the two stirs in comparison with respective simulations. The vortex number for the paddle stir shows almost complete suppression of vortex decay over 10 s, indicating a strong spatial segregation of oppositely signed vortices. In contrast, the grid stir loses 60% of the vortices over this period to vortex annihilation and edge losses. Figure 3F plots the vortex nearest-neighbor distance '=' 0 (where '=' 0 ≃ 1 indicates a uniform distribution) ( Fig. 1E ). Although this quantity increases with time for the clustered state, indicating spreading of the clusters, it remains <1 for the entire 10-s duration. By contrast, for the grid stir, '=' 0 stays quasi-constant and near unity, which is characteristic of a disordered state.
In the clustered phase, our simulations demonstrate that vortex signs can be dependably inferred for t ≤ 5 s from the experimental positions of the vortices relative to the minor axis of the ellipse (14) . From these data we can estimate the energy of the experimental vortex configurations as a function of time using the pointvortex model [including boundary effects (14) ] and compare with GPE simulations, as shown in Fig. 3G . Despite a gradual decay of the energy, the system remains well within the negative temperature clustered region for the entire 10-s hold time, equivalent to~50 times the initial cluster turnover time of~0.2 s (see movie S1). The decay is caused by a combination of the finite lifetime of the condensate (t = 28 ± 2 s), residual thermal fraction of~30%, and residual nonuniform BEC density of~6% root mean square. This conclusion is supported by GPE simulations with phenomenological damping, which are in agreement with experimental observations (see Fig. 3G ).
The grid-stir simulation shows a small increase in energy per vortex over the hold time, indicating that evaporative heating marginally prevails over thermal dissipation; annihilations manage to drive the system toward the negative temperature region but not into the clustered phase.
Similarly, we estimate the dipole moment D and the vortex temperature T, which we compare with theoretical predictions. Figure 3H shows that the paddle stir exhibits a large dipole moment, with an average of D/D s~8 1% over the 10-s hold time. The experimental estimate agrees well with simulations for t ≤ 5 s, when oppositesigned vortices remain completely segregated on opposite sides of the minor axis. By contrast, for the grid stir, D=D s e 1= ffiffiffiffi N p , which is consistent with an unclustered phase at finite N (14, 16) . Finally, our Monte Carlo simulations (14) show that the clustering transition occurs at a temperature T c ≃ À0:37T 0 N, whereas supercondensation (16) occurs at T s ¼ À0:25T 0 N (see Fig. 1F ). We estimate the final temperature from the point-vortex energy as T exp ≃ À0:28T 0 N, which is consistent with the vortex system being in the clustered region of the phase diagram.
Thermal friction is expected to play a major role in the damping of the Onsager vortex clusters (33) . We experimentally investigated the role of an increased thermal component by injecting clusters for a range of smaller condensate fractions (i.e., higher BEC temperatures) while maintaining a similar injected vortex number ( fig. S9 ). As shown in Fig. 4A , with decreasing condensate fraction we observe a reduction of the exponential decay time nearest-neighbor distance decay time to the uniform value '=' 0 ≃ 1, obtained by empirical fits to the nearest-neighbor distance (14) (examples in Fig. 4B ). These results indicate that, with decreasing condensate fraction, the vortices more rapidly approach a low-energy, uncorrelated distribution; cumulative vortex histograms for the largest and smallest condensate fractions (Fig. 4A , insets) also show diminished clustering with decreasing condensate fraction. Furthermore, the initial nearestneighbor distance increases with decreasing condensate fraction ( Fig. 4C ), suggesting that the injection of high-energy clusters is less efficient with increased damping. These results suggest thermal dissipation is more important than losses to sound in our experiment; indeed, Gross-Pitaevski simulations without thermal damping (thus containing only losses from vortex-sound coupling) were found to support this conclusion as the clusters retained >90% of their initial energy (14) . Thermal friction may limit the observation of dynamic emergence of Onsager vortex clusters in future experiments.
Once achieved, the clustered phase is remarkably robust to dissipation, contrary to the conventional wisdom for negative temperature states. Meanwhile, the evaporative heating mechanism appears to be more fragile, inhibited by modest dissipation. Nonetheless, a systematic study of the clustering transition and its emergence from quantum turbulence (19) (20) (21) appears within reach if further reduction of thermal dissipation can be achieved. The precise control of the trapping potential in our experiment enables a broad range of stirring and trapping configurations, opening the door to additional studies of the vortexclustering phase transition (16, 19, 20) and of fully developed quantum turbulence confined to two dimensions. Emerging tools for precision characterization, including vortex circulation detection (26) , momentum spectroscopy (34) , and correlation functions (29, 35) , can be expected to provide further insights into the role of coherent structures in 2D vortex matter. We note that negative absolute temperature vortex states in a different regime, along with signatures of evaporative heating by vortexantivortex annihilation, were independently observed in (32) .
